The catalytic oxidation of a representative volatile organic compound, benzene, with ozone at a low temperature was investigated. A nanoporous MCM-48 material with a high specific surface area was used as the support for the catalytic oxidation for the first time. Mn, which has high activity at a low temperature, was used as the metal catalyst. To examine the effect of the Mn precursor, MCM-48 was impregnated with two different Mn precursors: Mn acetate and Mn nitrate. The characteristics of the synthesized catalysts were analyzed by Brunauer Emmett Teller surface area, X-ray diffraction, X-ray photoelectron spectroscopy, and temperature-programmed reduction. MCM-48 impregnated with Mn acetate showed higher catalytic activity than MCM-48 impregnated with Mn nitrate. This result was attributed to the better dispersion within nanoporous MCM-48 and higher oxygen mobility of Mn oxides produced by Mn acetate. The catalytic activity was also shown to depend closely on the ozone concentration.
INTRODUCTION
Volatile organic compounds (VOCs) are well-known air pollutants that cause photochemical smog and ozone production. In addition, some VOC species, such as benzene have adverse health effects, causing heart disease and cancer. Accordingly, VOC emissions are becoming more stringent all over the world. Considerable efforts have been made to develop efficient and economical methods for reducing VOC emissions. Among these, catalytic oxidation is cheaper than direct combustion while producing little secondary pollutants. In particular, catalytic oxidation with ozone, which makes use of the strong oxidizing power of ozone, can decompose VOCs at temperatures <100 C, whereas conventional catalytic oxidation requires a much higher temperature. 1 Various types of catalysts have been studied for conventional catalytic oxidation but there have been few studies * Author to whom correspondence should be addressed. on catalytic oxidation with ozone. Thus far, metal/Al 2 O 3 , 2 metal/zeolite, 3 and noble metals 4 have been used for catalytic oxidation with ozone, showing an increase in catalytic activity with the increasing surface area of the support. Also, various nanoporous materials with large surface areas have been successfully applied to many catalytic reactions. [5] [6] [7] [8] [9] [10] [11] Therefore, it is expected that a good catalytic oxidation performance of VOCs with ozone will be achieved if metal catalysts can be impregnated on nanoporous material supports with large surface areas. 12 13 In this study, MCM-48, which has a three-dimensional pore structure and mutually connected nanopores as well as good adsorption ability for VOCs due to its large specific surface area, was used for the catalytic oxidation of VOCs with ozone for the first time. Benzene was used as a model species for VOCs. Mn was adopted for the metal catalyst because it has high activity at a low temperature. Different Mn precursors were used to examine their effects on the activity of the generated catalyst. MCM-48 was prepared using the following procedure. 14 15 First, pure MCM-48 was prepared by mixing 10.0 g of cetyltrimethylammonium bromide, 1.5 g of Brij-30, and 190.5 g of distilled water. After the mixture became transparent, 46.13 g of a sodium silicate solution with a Na/Si ratio of 0.5 was added dropwise during stirring. The prepared solution underwent a reaction in a 100 C oven for 48 h and was then allowed to cool. The pH of the solution was adjusted to 10 using 50 wt% acetic acid, and the solution was allowed to react for another 48 h. After repeating the pH-adjusting/reaction process three times, the solution was washed with distilled water, filtered and dried in the oven for 24 h. The dried sample was again washed with ethanol, filtered, dried for 24 h, and baked at 550 C for 4 h. As the Mn precursors, Mn(NO 3 ) 2 (Aldrich, 98%) and Mn(CH 3 COO) 2 (Aldrich, 99%+) were used. The amount of impregnated Mn was 10 wt%. The Mn-impregnated materials were calcined at 550 C. The MCM-48 catalysts that were impregnated using manganese nitrate and manganese acetate as the Mn precursors are referred to as MCM-48-MN 10% and MCM-48-MA 10%, respectively.
Characterization of MnOx/MCM-48
X-ray diffraction (XRD, Rigaku D/MAX-III) was performed for phase analysis. The analysis was conducted using a Cu K X-ray source, within the scan range 0-90 , in a step size of 0.02 . The N 2 adsorption-desorption isotherms and the Brunauer Emmett Teller (BET) surface areas were obtained using an ASAP 2010 apparatus (Micromeritics). After 0.3 g of calcined sample was outgassed for 5 h at 250 C in a vacuum, nitrogen was introduced as an adsorption gas at the liquid nitrogen temperature. Temperature programmed reduction (TPR) was performed to compare the reduction temperatures of the samples with different manganese types using a ChemBET 3000 (Quantachrome) setup. The H 2 consumption was measured with an analysis gas of 5% H 2 /N 2 and temperature rise rate of 10 C/min, from 50 to 700 C. X-ray photoelectron spectroscopy (XPS) measurements were made using an AXIS-NOVA (Kratos. Inc). A monochromatic Al K (1486.6 eV) X-ray source and 40 eV of analyzer pass energy were used under ultra-high vacuum conditions (5 2 × 10 −9 Torr).
Benzene Oxidation with Ozone
The catalytic reactions were conducted in a fixed bed flow reactor. Ozone was produced from O 2 using a silent discharge ozone generator. Prior to the catalytic reaction, the catalyst was heated at 450 C in a Pyrex glass reactor under an O 2 flow and then cooled for maintenance at 80 C. The catalyst mass of 0.05 g, the ozone flow rate of 120 ml/min, and the benzene concentration of 100 ppm were used for each experiment. GC analysis was carried out for the inlet and outlet gas samples to measure the level of benzene conversion. The CO and CO 2 concentrations and ozone concentration were measured using an indoor gas analyzer and an ozone analyzer, respectively. A homogeneous gas-phase reaction of benzene with ozone can be neglected in this system. 18 Therefore, high catalytic activity was expected when Mn acetate was used as the precursor based on the large content of well-dispersed MnO x , especially Mn 2 O 3 . Figure 3 shows the H 2 -TPR analysis results for the two different catalysts synthesized using different Mn precursors. As shown in this figure, MCM-48 MA10% exhibited a single broad peak at approximately 410 C. On the other hand, MCM-48 MN10% showed two distinct peaks at approximately 410 and 506 C. This suggests that MCM-48 MA10% has a higher reducing ability than MCM-48 MN10%, indicating that the lattice oxygen mobility was higher for MCM-48 MA10%. 1 18 Figure 4 shows the conversions of benzene and ozone obtained using the different Mn precursors. The level of benzene conversion of MCM-48 MA10% was more than 10% larger than that of MCM-48 MN10% at a reaction time of 80 min. In terms of ozone conversion, MCM-48 MA10% showed an approximately 30% higher value than MCM-48 MN10%. As some benzene molecules might not participate in the reaction and might only be adsorbed onto MCM-48 with a high specific surface area at 80 C, part of the benzene conversion of MCM-48 MN10% might be attributed to adsorption, which resulted in a smaller difference in benzene conversion than in ozone conversion between the MCM-48 catalysts impregnated using the two different Mn precursors. In addition, the level of conversion rapidly decreased with time in the case of MCM-48 MN10% compared to MCM-48 MA10%.
RESULTS AND DISCUSSION

Characterization of MCM-48
Benzene Oxidation with Ozone
Binding Energy (eV) Figure 5 shows the benzene conversion and yield of COx (CO 2 + CO) obtained with MCM-48 MA10% and MCM-48 MN10%. In the case of MCM-48 MA10%, most of the decomposed benzene had been converted to COx. In contrast, the COx yield of MCM-48 MN10% was 30% lower than that of MCM-48 MA10%. This can be attributed to the difference in catalyst characteristics, as explained below.
As shown in the TPR result, MCM-48 MA10% has higher reduction ability than MCM-48 MN10%. This means that MCM-48 MA10% has higher lattice oxygen mobility, leading to higher activity for the oxidation. In addition, as mentioned earlier, the order of catalytic activity for VOC oxidation of Mn oxides was reported to be Mn 3 is believed to be another reason for the low activity of MCM-48 MN10%. Figure 6 shows the level of benzene conversion and COx yield as a function of ozone consumption obtained for 80 min when MCM-48 MA10% was used. Both the level of benzene conversion and the COx yield increased with increasing ozone consumption. The mechanism by which ozone is decomposed through interaction with the Mn oxides forming active catalytic sites is as follows: 1 12 13 19 
where * represents the active catalytic site. The oxygen species produced by the decomposition of ozone oxidize benzene into oxygen-containing species. These species are oxidized further to COx. The fact that ozone did not react directly with benzene in the gas phase indicates that ozone itself is not the active species. Ozone is believed to decompose into O 2 and oxygen radicals over Mn oxide catalysts through the above-shown mechanism, followed by the oxidation of benzene by these oxygen products.
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CONCLUSIONS
The activity of the nanoporous material, MCM-48, for the catalytic oxidation of benzene with ozone was examined by impregnating it with Mn using different precursors. The catalytic activity of MCM-48 MA10% was higher than that of MCM-48 MN10%. The precursors used for Mnimpregnation affected the degree of dispersion, the oxidation state, and the oxygen mobility of Mn. Also, the catalytic activity was affected by the ozone consumption.
